Bachmann et al. (2005) contend that a major fraction of flocculent sediments, a ''fluid mud layer,'' which has accumulated in Lake Apopka, Florida, since 1947, originated from sediment liquefaction of consolidated macrophyte-derived sediments. In addition, they contend that the underlying historic sediments are not only a major source of fluid mud, but also the source of organic matter for internal heterotrophy. They conclude that the ''fluid mud layer is less a direct consequence of eutrophication than a consequence of enhanced wave action on the lake bed.'' This conclusion is debatable (see Coveney et al. 2005; Schelske et al. 2005; Waters et al. 2005) . All investigators agree that the primary producer community shifted abruptly from macrophyte to phytoplankton dominance in 1947 and that flocculent sediments that have accumulated since the 1947 shift differ from underlying macrophyte-derived sediments. Hypotheses about the origin of these flocculent sediments are addressed here using two conceptual models, a liquefaction model based on Bachmann et al. (2005) and a trophic dynamic model based on classic trophic dynamics (Lindemann 1942) .
The liquefaction and trophic dynamic models differ in several respects. Internal heterotrophy fueled by organic carbon from historic macrophyte-derived sediments and flocculent sediments derived from liquefaction of historic macrophyte-derived sediments are the main components of the liquefaction model. The trophic dynamic model based on classic Lindemann trophic dynamics (Lindemann 1942) assumes that autochthonous primary production is the major source of organic matter in post-1947 sediments. Phytoplankton synthesize organic matter in a shallow euphotic layer over the lake basin (Schelske et al. 2003) . Phytoplankton then either settle to the bottom, become incorporated into the food chain, or both. In Lake Apopka, heterotrophic and diagenetic processes in the water column and sediments are hypothesized to consume some 90% of the organic matter (Schelske et al. 2003) . The remaining organic matter is then the major source of organic matter in post-1947 sediments. Phytoplankton primary production is a minor source of organic matter in the liquefaction model because sediment liquefaction is purported to account for 59% of the organic carbon accumulation (Bachmann et al. 2005) . Both models assume that allochthonous inputs of organic matter are not important.
These conceptual models provide a framework for hypotheses. Hypotheses can be based on prediction or accommodation (Lipton 2005) . In the case of prediction, though it may be partially based on an existing data set, the hypothesis ''is formulated before the empirical claim in question is deduced and verified by observation. '' Bachmann et al. (2005) predicted lutocline height from theory using wind energy, wave height, and water depth. This prediction, however, only demonstrated that predicted lutocline heights fall within the range of measured thickness of flocculent sediments and did not predict accumulation rate or extent of ''fluid sediments.'' In the case of accommodation, the hypothesis is ''constructed to fit an observation that has already been made.'' It is possible, however, to test predictions implicit in hypotheses based on accommodation with either new or existing data and observations. I use this approach here.
The challenge here is to define tests that can be employed rigorously and without ambiguity to address the hypothesis that ''fluid mud'' originates primarily from sediment liquefaction of underlying macrophyte-derived sediments. Simply stated, sediment liquefaction is a physical change in sediments (decrease in wet bulk density) generated by wave action on the lake bottom. I utilize data on bulk composition of sediments, specifically sediment dry mass and its organic and inorganic components, including the total carbon (TC) : total nitrogen (TN) ratio of organic matter and total phosphorus (TP) concentration. I use mass balances on whole-lake scales to investigate the plausibility of the purported sediment liquefaction and address the environmental implications of such a process.
Data sources and methods
Sediment cores collected in 1996 from a 46-station survey (Schelske 1997 ) provide a major source of data. This survey employed an equal-area grid to ensure that cores were collected from representative sites throughout this 125-km 2 lake. Reddy and Graetz (1991) cored the lake in 1987. They identified seven stratigraphic zones in the field. Sediments in each zone were collected as one sample. Schelske (1997) refined this protocol by sectioning cores in the field at small intervals (2 to 5 cm). Finer sampling intervals were utilized during sectioning to define flocculent sediment thickness more precisely. To obtain sediment inventories of measured variables at nominal depths, each sediment section was retained for weight measurements. Reddy and Graetz (1991) identified ''unconsolidated flocculent sediments'' that were underlain by ''consolidated flocculent sediments''; Schelske (1997) termed these sediment types ''phytoplankton-derived sediments'' and ''macrophyte-derived sediments'' based on the presumed origin of their organic matter. Bachmann et al. (2005) used ''fluid mud'' and ''consolidated macrophyte-derived sediments'' to characterize the two sediment types. Here I refer to the uppermost sediments as flocculent sediments and underlying macrophyte-derived sediments as macrophyte sediments.
The data set collected in 1996 included 1167 core sections from 46 survey cores (Schelske 1997) . Alphanumeric codes for cores were made up of ''LA'' for Lake Apopka, ''S'' for survey, and numeric designations for station number and year of collection. The two sediment types were identified using fraction dry weight, TC : TN weight ratio, and TP concentration. Fraction dry weight was less, TC : TN was lower, and TP concentration was larger in flocculent sediments than in underlying sediments (see Schelske et al. 2005; Waters et al. 2005) . In the overlying flocculent sediments, TC : TN was lower because there is relatively more structural carbon in macrophytes than in phytoplankton (Schelske et al. 1999) , and TP was larger because external phosphorus loading to the lake had increased (see Coveney et al. 2005; Schelske et al. 2005) . Using these criteria, 538 samples were characterized as flocculent sediments (Schelske 1997) . Here I divided fraction dry weight into three groups: ,0.055 (n 5 418), 0.055 to 0.104 (n 5 588), and .0.104 (n 5 101). Another 60 samples were omitted because dry weight was not measured in four cores.
Gravimetric analyses were conducted by weighing each section before and after drying and calculating the dry weight fraction (fraction dry). Organic matter content of dried sediments was measured after loss on ignition at 550uC. Inorganic or mineral sediment was the fraction remaining after combustion. Cumulative inventories for flocculent sediment components were calculated in g cm 22 as an integrated measure of net accumulation at each station. (Net accumulation integrates effects of internal recycling and diagenesis in the lake.)
Two forms of phosphorus in freeze-dried sediment samples were measured. Total phosphorus (TP) was measured after persulfate digestion. Non-apatite inorganic phosphorus (NAIP), a chemically determined form of phosphorus that has been shown to be biologically available, was measured by leaching samples for 17 h at 25uC in a solution of 0.1 mol L 21 NaOH.
The TC and TN contents of organic matter were measured with a Carlo Erba NA1500 CNS elemental analyzer equipped with an autosampler.
Water depth was sounded with a weighted Secchi disc and generally recorded to the nearest 5 cm.
Two equations were used to quantify loss of historic macrophyte sediments from liquefaction and heterotrophy as hypothesized by Bachmann et al. (2005) . Macrophyte sediment loss due to liquefaction is given by
where Z liq is sediment thickness (cm), Dry inv is dry mass inventory for a given time period (g cm 22 ), and Dry frac is fraction dry mass of macrophyte sediments expressed as g cm 23 . Macrophyte sediment loss due to heterotrophy is given by
where Z het is thickness of macrophyte sediments processed for heterotrophy (cm), C het is the rate of heterotrophy (g C cm 22 yr 21 ), Org frac is organic matter fraction, and OC frac is organic C fraction of organic matter. It is assumed that average Dry frac of macrophyte sediments (0.0705) can be used as a measure of wet bulk density (g dry cm 23 wet) ( Table 1 ). The mean from calculated bulk densities averaged slightly larger (0.0730 g dry cm 23 wet) than that estimated from Dry frac (Schelske 1997) . Fraction dry mass was used in these equations instead of wet bulk density because it was measured directly.
Results
Sediment characteristics-Sediments in Lake Apopka are highly organic and loosely consolidated. Organic matter in the two sediment types averaged 64.2% (upper) and 66.5% (lower) ( Table 1) . Average fraction dry weight was 0.0337 for the upper layer (flocculent sediments) and 0.0705 for the underlying layer (macrophyte sediments). These sediments were largely water, averaging approximately 97% and 93% water for the upper and lower layers, respectively. Dry mass accumulation rate for recently deposited sediments averaged only 35.4 mg cm 22 yr 21 (Table 2) . Therefore, ''rapidly growing flocculent layers' ' (Bachmann et al. 2005) refers to flocculent sediment thickness (i.e., linear accumulation) and not to sediment accumulation based on dry mass.
Measured station inventories for several variables in flocculent sediments are presented in Table 2 . Water depth and flocculent sediment thickness were negatively correlated (r 5 20.372, p , 0.05). However, this correlation was driven by the three deepest stations, which also had the smallest flocculent sediment thicknesses. Without these stations, the correlation coefficient was not significant (r 5 0.117). Variation in measured inventories among stations was large, and the coefficient of variation (std dev/mean) approached 100% for some variables. Plots of cumulative station inventories, however, show the importance of this variation in describing whole-basin sedimentation patterns ( Fig. 1) . Seventy percent each of the dry mass and organic matter was deposited at the 18 stations with high accumulation (39% of the lake bottom) and only 12% of the dry mass or organic matter at the 18 stations with low accumulation. Similar patterns are evident in data for TP concentration and flocculent sediment thickness.
Mean lake depth-I investigated Bachmann et al.'s contention that mean lake depth did not decrease from 1968 to 1996, but ''remained the same or even increased.'' They contend that according to the trophic dynamic hypothesis, mean lake depth should have decreased 37 cm because fluid mud thickness increased on average from 10 cm in 1968 to 47 cm in 1996. First, I question whether it is even possible to estimate accurately such a small change in mean lake depth in Lake Apopka over a 28-yr period with data from 90 stations sampled in 1968 and 46 stations sampled in 1996 by different investigators. In the 1996 investigation (Schelske 1997) , depths measured with a weighted Secchi disc averaged 10.4 6 5.5 cm deeper than those obtained with an infrared optical detector (Myers and Schelske 2000) . Precision was affected by wind and wave conditions at the time of sampling. Second, I question whether this test is valid because flocculent sediment thickness will increase if fluid mud with a lower dry bulk density is derived from more-consolidated underlying sediments. Flocculent sediment thickness will increase even as underlying consolidated sediments are lost by liquefaction. The mean lake depth estimate, therefore, should be corrected for the loss of underlying consolidated sediment that was liquefied. Bachmann et al. (2005) found that sediment liquefaction accounted for 59% of the fluid sediments, or 22 cm of the 37 cm deposited from 1968 to 1996. The Dry inv in 22 cm of flocculent sediments was 0.741 g cm 22 (22 3 0.0337; Table 1 ). Using Eq. 1, 11 cm of underlying sediment must be liquefied if the Dry inv of macrophyte sediments is 0.741 g cm 22 . Therefore, the expected average decrease in mean lake depth would be only 26 cm, not 37 cm. Because flocculent sediments accumulate in either conceptual model, the so-called ''test'' designed by the authors is invalid.
I believe other tests used by the authors have little validity because they are based either on analyses of data sets representing relatively short periods of time or on a relatively small number of samples and not on sediment mass accumulated in the lake basin since 1947.
Sediment liquefaction-Bachmann et al. (2005) conclude that the fluid mud layer in Lake Apopka is ''derived primarily from liquefaction of underlying macrophytederived consolidated sediments.'' No attempt is made here to address theoretical aspects of sediment liquefaction. Examination of profiles of fraction dry weight for evidence of liquefaction has revealed that the bulk density of flocculent sediments increases with flocculent sediment depth (Fig. 2) . Although fraction dry weight was small, the relative change in fraction dry weight was large, at least several-fold, except in profiles with a shallow thickness of flocculent sediments (Fig. 2a) . Because sediment composition was similar in the two sediment types (Table 1) , sources of inorganic or organic matter could not be determined from bulk properties or from TC or TN concentrations. However, mean TP in underlying sediments was 0.52 mg g 21 , less than half the measured TP concentration in flocculent sediments. The greater TP concentration in flocculent sediments can be attributed to increased external phosphorus loading (see Coveney et al. 2005; Schelske et al. 2005) . Dry mass, organic mass, inorganic mass, and TP mass accumulation in flocculent sediments were calculated from the liquefaction model and compared to measured mean accumulation for these variables (Table 3) . (Table 3) . This heterotrophic consumption of organic matter requires processing dry sediment at a rate of 5070 g m 22 yr 21 and yields an inorganic matter residue of 1700 g m 22 yr 21 . This calculated rate of inorganic matter input is 13-fold greater than the measured accumulation of inorganic sediment. Inorganic input of this magnitude to flocculent sediments would increase the inorganic content of fluid mud manyfold relative to the underlying macrophyte sediments if the inorganic material were particulate. This finding is not substantiated by empirical measurements (Table 1; Fig. 2 ). It is also unlikely that inorganics enter the water column in dissolved form because the magnitude of this flux is equivalent to 1.05 g L 21 of dissolved inorganic solids annually if the mean lake depth is 1.62 m. Combinations of particulate and soluble inorganic inputs to the water column or flocculent sediments are also unrealistic.
The magnitude of TP input to flocculent sediments that is generated from internal heterotrophy also appears to be unrealistic (Table 3 ). The calculated TP input from internal heterotrophy (5.16 g m 22 yr 21 ) is 14-fold greater than the measured rate of TP accumulation. This internal TP loading rate is much larger than mean external TP loading Table 1 . Physical and chemical data in freeze-dried sediments in Lake Apopka sediment cores characterized by fraction dry weight (data from Schelske 1997) . The upper sediments with lower fraction dry weight (,0.055, n 5 418) represent flocculent sediments, and the lower sediments with higher fraction dry weight (0.055-0.104, n 5 588) represent underlying macrophyte-derived sediments. Sediment characteristics are fraction dry, fraction inorganic, fraction organic, total nitrogen (TN) and total carbon (TC) of organic matter, TC : TN weight ratio, non-apatite inorganic phosphorus (NAIP), and total phosphorus (TP Coveney et al. 2005) . Evidence for an input to the sediments this large is not apparent in TP profiles (Fig. 3) . In a 1.62-m water column, this input is an annual equivalent of 3.19 mg TP L 21 , about 16 times the mean TP concentration in the early 1990s . Quantitative arguments about sediment liquefaction and internal heterotrophy, therefore, cast doubt about sediment liquefaction and its role in the origin of fluid mud in Lake Apopka.
Environmental implications-My arguments, which are based on averages of whole-lake processes integrated over 50 yr, are adequate to refute contentions by Bachmann et al. (2005) about the origin of fluid mud in Lake Apopka. Arguments are even stronger if we analyze lacustrine processes more realistically. Seventy percent each of the dry mass and organic matter accumulation occurred at 18 stations representing only 39% of the lake area (Fig. 1) . Thickness of flocculent sediments at these stations was at least 45 cm; the thickness at only one of the stations was less than the lake-wide average (47 cm, Table 2 ). Flocculent sediments with a thickness of at least 75 cm covered about 25% of the lake bottom in 1996. Bachmann et al. (2005) failed to consider that the area of the lake covered by pre-1947 sediments that were subject to wave action had changed markedly. This area decreases over time because sediment liquefaction as hypothesized is a self-attenuating process (Schelske and Kenney 2001) . Given this scenario, hypothesized sediment liquefaction should have been greatest soon after the 1947 shift in primary producer structure and should have decreased with increased flocculent sediment accumulation in the lake basin. Arguments by Bachmann et al. (2005) are based mainly on data from the 1990s, more than 40 yr after flocculent sediments began to accumulate and after the bottom area with macrophyte sediments that would be subject to sediment liquefaction had been reduced considerably. I can now point out two inconsistencies in the role of sediment liquefaction as it applies to Lake Apopka (Bachmann et al. 2005) . First, the rate of flocculent sediment accumulation would decrease over time in the liquefaction model because the bottom area with macrophyte sediments subject to sediment liquefaction decreases. By contrast, flocculent sediment accumulation in the trophic dynamic model increases with eutrophication because the highly organic sediments originate from autochthonous primary production (Schelske et al. 2003) . Increased external TP loading, which is hypothesized to increase primary production, is inferred from TP profiles in sediment cores (Fig. 3) (Schelske et al. 2005; Waters et al. 2005) . Second, Bachmann et al. (2005) concluded that the ''fluid mud layer'' is more a consequence of enhanced wave action on the lake bed than a direct consequence of eutrophication. Therefore, internal phosphorus loading might be hypothesized to be more important than external loading in the liquefaction model. However, if fluid mud is derived from underlying macrophyte sediments, it has a phosphorus deficit compared to measured TP concentration in flocculent sediments (Table 1) . The average TP concentration in flocculent sediments is twice the TP concentration in underlying sediments. To achieve the measured concentration in flocculent sediments, the TP concentration in 41% of sediments derived from sources other than sediment liquefaction would have to be 2.09 mg g 21 , a concentration 4-fold greater than the TP concentration in sediments being liquefied. This calculated external loading represents TP sediment accumulation amounting to 0.567 g m 22 yr 21 , 2.7-fold greater than hypothesized internal TP loading generated by sediment liquefaction (Table 3) .
I also investigated the tests used by Bachmann et al. (2005) to support the liquefaction hypothesis. Arguably, the most rigorous ''test'' employed by the authors was whether mean lake depth ''remained the same or even increased'' from 1968 to 1996. The authors failed to consider that lake mean depth decreases not only in the trophic dynamic model, but also in the liquefaction model if fluid mud originates from sediment liquefaction as proposed. The proposed mechanism assumes that fluid mud originates from wave action on underlying, moreconsolidated sediments. Liquefaction of macrophyte sediments reduces the bulk density of sediments and increases flocculent sediment thickness more than it reduces the thickness of underlying macrophyte sediments. Therefore, my calculation of this expected decrease in mean lake depth is only 26 cm and not 37 cm, as hypothesized by Bachmann et al., because 11 cm of macrophyte sediments is liquefied.
Several methods could be used to estimate macrophyte sediment loss resulting from sediment liquefaction. My calculation shows 11 cm of macrophyte sediments must be liquefied to account for 59% of the flocculent sediment accumulation over a 28-yr period. By contrast, a smaller thickness is calculated if the sediment loss datum from Table 3 is used. The macrophyte sediment loss from this calculation is 8.4 cm over the 28-yr period. The latter value is based on flocculent sediment dry mass, which, due to sediment compaction, increases at a slower rate than flocculent sediment thickness (Fig. 1) . In both of these calculations, it is assumed that the average dry fraction of underlying macrophyte sediments is 0.0705. However, the dry fraction at the contact between flocculent and underlying macrophyte sediments is less than this value, possibly 0.060 or less (Fig. 2) . Therefore, given a smaller average dry fraction, a thickness of macrophyte sediments greater than either 8.4 or 11 cm would be required to obtain any given Dry inv in flocculent sediments (Eq. 1). A more precise approach to calculate macrophyte sediment loss might be to use station by station data for fraction dry at the contact between the two sediment types. Predicting which stations have macrophyte sediments subject to sediment liquefaction could also be a refinement if data were analyzed station by station. Intuitively, one would expect that refining the methodology and its predictability would detract from, rather than support the liquefaction hypothesis.
Bachmann et al. (2005) also specified the rate of internal heterotrophy (24.62 g C m 22 d 21 ), but failed to consider how internal heterotrophy would affect flocculent and macrophyte sediment thickness or lake mean depth. My calculation indicates that 7.19 cm of underlying sediments must be processed annually to support internal heterotrophy, which would correspond to an average basin-wide loss of 72 cm of macrophyte sediments in one decade (Table 3) . Internal heterotrophy would affect macrophyte sediment thickness because organic matter in these sediments is being consumed. How this might affect flocculent sediment thickness and mean lake depth is complicated by an unspecified fate of hypothesized heterotrophic production of organic matter. My presumption is that hypothesized heterotrophy would be mediated initially by microbial activity and that some fraction of the organic matter would be sedimented. Inorganic residue from this sediment processing during hypothesized heterotrophy is an order of magnitude greater than the measured inorganic matter accumulation rate. No supporting empirical evidence exists for inorganic matter input of this magnitude to either the water column or the sediments. These calculations assume that all the organic carbon in macrophyte sediments is labile and that macrophyte sediments are being processed over the entire lake basin. The unknown fate of organic matter produced by heterotrophy and the large yield of inorganic residue are elements of the heterotrophy hypothesis not considered by Bachmann et al. (2005) .
Discussion
Using a conceptual model, I examined sediment liquefaction and its environmental implications in Lake Apopka. The model was used to analyze a basic set of data that represents a 50-yr accumulation of flocculent sediments in the lake. Bachmann et al. (2005) supported their theory of the origin of fluid mud primarily with analysis of published data. They neglected to investigate how sediment liquefaction as proposed would affect lake depth and flocculent sediment accumulation in Lake Apopka. Nor did they consider how internal heterotrophy would affect lake depth or flocculent sediment accumulation and composition. My results calculated from the liquefaction model lead to unrealistic environmental implications.
Evidence to support Bachmann et al.'s statement that fluid sediments consist ''primarily of dead algal cells'' was based on general statements in the literature and not on extensive investigation. By contrast, it has been shown that a near-bottom layer of readily suspended sediments contains living meroplankton that possess large quantities of chlorophyll (measured in mg L 21 ; Carrick et al. 1993) for the lake's primary production during and after windresuspension events (Schelske et al. 1995) . Viable algal cells and chlorophyll are also present in this near-bottom nepheloid layer and at depth in flocculent sediments (Waters et al. 2005; Carrick et al. 1993 ).
Bachmann et al. (2005) stated with regard to Lake Apopka: ''We do not see other examples of lakes with rapidly growing flocculent sediment layers.'' Many Florida lakes, however, have flocculent sediments. Two examples are Lake Beauclair, the downstream lake connected to Lake Apopka by a canal completed in 1893, and Lake Harris, a lake hydrologically connected to Lake Apopka before the canal was constructed in 1893 (Schelske et al. 2005) . Core LB2-99 from Lake Beauclair has a 148-cm record of sediments with a fraction dry weight not exceeding 0.060, 96 cm of which accumulated in 150 yr. Several cores from Lake Harris have sediment records that exceed 1.0 m with this fraction dry weight (Schelske et al. 2001) . In fact, fraction dry weight in only a few of more than 250 sediment sections in the nine cores collected from Lake Harris exceed 0.10, approximately 1.10 g cm 23 , a criterion for fluid mud given by Bachmann et al. (2005) . These lakes, which are smaller and deeper than Lake Apopka, would be less susceptible to wind-driven sediment liquefaction than Lake Apopka. These cores differ from Lake Apopka cores in that sediments with low bulk density have accumulated for longer times (more than 150 yr in some cores) with no abrupt change in TC : TN ratio (Schelske et al. 2001 (Schelske et al. , 2005 Kenney et al. 2002) .
Bachmann et al. (2005) failed to provide convincing arguments to support sediment liquefaction as a process by which fluid mud originates in Lake Apopka. Their conclusion that the ''fluid mud layer is less a direct consequence of eutrophication than a consequence of enhanced wave action on the lake bed'' is clearly not supportable on critical examination of their analyses and by other analyses of a larger data set. My results from the liquefaction model show that internal phosphorus loading from sediment liquefaction is relatively small compared to external loading. By contrast, internal phosphorus loading from heterotrophy, if it exists as proposed, is unlikely, because it is at least an order of magnitude greater than measured TP accumulation and nearly an order of magnitude greater than external TP loading. Likewise, no supportable case has been made Table 3 . Sediment dynamics in Lake Apopka based on hypothesized sediment liquefaction and internal heterotrophy of macrophyte sediments as described by a conceptual model. Contributions of dry mass, organic mass, inorganic mass, and total phosphorus (TP) accumulation to flocculent sediments from sediment liquefaction and internal heterotrophy are shown. It was assumed in the calculations that these flocculent sediments were deposited in Lake Apopka from 1947 to 1996. See text for additional explanation. * Macrophyte sediment losses from sediment liquefaction and internal heterotrophy were calculated with Eqs. 1 and 2 assuming that the fraction dry weight of underlying macrophyte sediments is 0.0705 (Table 1) . { Measured accumulation was calculated from data in Table 2 . { Sediment liquefaction was assumed to be 59% of measured accumulation (Bachmann et al. 2005) . 1 Primary production is the difference between measured accumulation and sediment liquefaction. I Data for the rate of internal heterotrophy are based on the calculated value for heterotrophic consumption of organic matter (see text), and other data were calculated proportionately to data for measured accumulation.
